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ABSTRACT

Mol ecul ar dynam cs sinulation was conducted to better
understand the nechani sm of fatigue failure and to identify
a paraneter(s) that can indicate progressive damge due to
cyclic |oading. The Enbedded Atom Method (EAM was used
for copper atonms subjected to cyclic |oadings. Def ecti ve
crystal structures including vacancies or inpurities were
considered for the study. The results showed that there
was an increase in potential energy and kinetic energy,
respectively, in the netal as the nunber of cycles
i ncreased. This neans the netal beconmes weaker, i.e., an
i ndi cation of progressive danmage. Therefore, the change of
potential energy may be used as an indicator for fatigue
damage accunul ati on. Furthernore, the relative distances
bet ween vacancies (or inpurities) increased globally wth
fluctuation as the nunber of |[|oading-unloading cycles
i ncr eased.
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. 1 NTRODUCTI ON

A MOTI VATI ON

Mol ecul ar dynam cs sinulation of netallic atons under
conditions of cyclic |oading may provide beneficial insight
to the problem of fatigue failure. As the nunber one cause
of netallic failure and its inherent wunpredictability,
fatigue warrants in depth research [1]. In materials
possessi ng defects, fatigue has been shown to occur at the
| ocation of defects and sonmetines far below the elastic
limt. A greater understanding of the mechani sm of fatigue
and of the behavior of defects under a nunber of cycles may
al l ow the prediction of behavior at a high nunber of cycles
| eading to a nore exact prediction of the nunber of cycles
before fatigue failure occurs.
B. BACKGROUND

Much of our wunderstanding of material properties on
t he macroscopic |evel cones fromenpirical data rather than
an understanding of atomic interactions resulting in the
properties. Designs accounting for fatigue have proven to
be time consunmng and expensive. Mol ecul ar  dynami cs
simulation is giving a clearer understanding of the
rel ati on between atomic interaction and its effect on the

macr oscopi ¢ | evel .

Addi tionally, advances in nanotechnology have led to
t he production of nanoscal e devices and fatigue failure in

t hose devices is a problemthat nust be addressed [2].



The property associated with material failure due to
cyclic loading is knowm as the fatigue strength in
materials and is an exanple of a property that is based on

enpirical data

Fatigue is a damage-accumulation process of real
mat eri al s under cyclic |oads. Def ects such as inpurities
and vacancies play an inportant role in fatigue. Wen a
material including those defects is stressed even in the
el astic range, there are irreversible changes within the
material, which are initially so small that such changes
are not measurable in the stress-strain curve. However, as
t he nunber of cycles in the |oads increases significantly,

those changes lead to ultinate failure of the materials
[3].
The purpose of this research is to understand the

mechani sm of fatigue danage in netallic materials that may

ultimately result in a nore accurate prediction of cycles

to failure. Enpirical data shows that netal under cyclic
loading wll fail earlier in material with defects and that
failure will occur in the vicinity of the defects [3].

| nherent defects in material and their behavior under
cyclic loading may provide valuable insight into when and
where failure wll occur. Mol ecul ar dynami cs sinulation
using the enbedded atom nethod was used in this study to
research the behavior of the defects and the overal
response of the system in ternms of potential and kinetic
ener gy.
C. PREVI OUS RESEARCH

Chang and his coworker [4,5] studied the behavior of
copper under tensile and fatigue conditions through the use

of nol ecular dynam cs sinulation. They used a Lennard-

2



Jones potential nodel and developed stress vs. strain
curves for both varying percentages of vacancies, and
varying tenperatures. The results of their research showed
that increasing the nunber of vacancies resulted in |ower
stress strain curves and increasing the tenperature
resulted in a decreased Young’s nodulus. |In addition, they
al so studied stress versus the nunber of cycles to failure
for bot h varyi ng vacancy per cent ages and varyi ng
t enper at ur es. They found that |ower vacancy percentages
and higher tenperatures resulted in a higher fatigue
strengt h.

Yasukawa [6] studied the influence of noisture on the
static-fatigue strength of silicon oxide using the extended
Tersoff inter-atomc potential. The potential considered
inter-atom c charge transfers between atons of different
species during the process of their reaction. In this
study, the author explained the mnmechanism of strength

decrease of silicon oxide due to npisture.

Ye, Far kas, and Soboyejo [7] studied fracture
toughness and fatigue crack growh experinentally and
t heoretically. They used the enbedded atom nethod [8, 9]
for the theoretical study, which was used to explain sone
experinmental findings. In this study, they focused on
understanding the reasons for inproved toughness of 40Ti
alloy with an increnentally increasing load, but not a

cyclic | oad.

Wil e the preceding studies focused on crack behavior,
the objective of this study was to investigate the fatigue
process and to identify paraneter(s) that could be
correlated to progressive danmage. The paraneter(s) could

be used to estinate the expended fatigue life.
3
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ANALYSI S

A THE EMBEDDED ATOM METHOD
Mol ecul ar dynami cs sinulation using the Paradyn node

[10] is the cornerstone of this research. It is inportant
to distinguish the difference between a sinulation and a
nmodel and its effect on the interpretation of results. I n
this nolecular dynamics sinmulation, a sinmulation was
performed on a nodel of copper atoms, not on the actual
copper atons. A nodel is wusually a sinplification of a
r eal system that allows targeted study of specific
phenonenon. The sinplification creates limtations. For
exanple, while the nodel works in 1-D, it may not work in
2-D [11]. In other words, one nust consider the
limtations of the selected nodel when analyzing the

results.

In the case of the Paradyn nodel [10], atons are
treated as point masses wth inter-atomc potentials
obtai ned fromthe enbedded atom nethod [8, 9].

The enbedded atom nethod describes the total energy of
a systemof netallic atons.

N

Eot =é Eee(r h,i)+ éfij(rij) (1)

i ]

Equation (1) states that the total energy of the
system of atons is the sum of the enbeddi ng energy and the

core-core repul sions.

Specifically, the enbedding energy term treats each
atom i, as an inpurity and is a calculation of the anount

of energy required to enbed atom i into the electron



density of its actual |ocation. The electron density of
its actual location is determ ned by
y =§r?(rij) (2)
Equation (2) states that the electron density at the
position of atomi is a sumof the densities contributed by
all other atons in the sanple within a given distance, rjj.

Atoms beyond ri; have no effect on atomi.

The core-core repulsion term in equation (1) is a

cal culation of the core-core repulsions ( f;) of each atom

i, paired with all other atoms in the sanple within a given
di stance, rjj. Simlar to the electron density, atons
beyond a ri; have no core-core repulsion with atomi. The %
IS necessary to avoid counting the sanme repul sion two tines

during summation over the entire sanple.

In RA Duff’s thesis, [12], he concluded that Paradyn
[10] accurately nodeled the nodulus of elasticity and
stress vs. strain curves of copper when conpared wth
properties determ ned fromenpirical nethods.
B. MODELI NG

The nodel used during this research, entitl ed Paradyn
[10], was witten by S. J. Plinpton and B. A Hendrickson
and was based on the code Dynanp, witten by S M Foiles
and MS. Daw. Dynanbp was witten to use the enbedded atom

met hod in nol ecul ar dynam cs sinulation [8,9].

In general ternms, Paradyn receives user inputs that
include an atom position file, an atom velocity file, and

an inter-atomc potential file.

The position file assigns an identification nunmber (1
to 500 in this study), and Cartesian coordinates to each
6



atomin units of Angstrons. The final array of atons is in
the shape of a cube or a box. The velocity file assigns a
random t hr ee-di nensi onal vel ocity, in units of
Angstrons/ pi cosecond to each atom and a nunber that
corresponds to the same identification nunber in the

position file.

The potential input file assigns paraneters determ ned
from the enbedded atom nmethod and includes the atomc
nunber, atomc nass, lattice spacing, potential cutoff
range for each atom grid of inter-atomc force, grid of
atom electron density and the spherically averaged atomc
density [9,12].

Additionally, the user controls an initialization file
t hat directs where to read the initial posi tions,
velocities, and potentials and where to wite the final
data. It also allows adjustnment of boundary conditions and
t he dinmensions of the box containing the array. In this
study, periodic boundary conditions were selected so that
atons noving outside of the box boundary would be remapped
to the other side of the box. In addition the user can
specify applied pressure in units of bar which was used in
this study to sinulate a cyclic [ oad. The user can also
specify the length of the time-steps and the nunber of

time-steps.

Mol ecul ar dynam cs simulation requires the conpletion
of initialization, wequilibration, and production. The

description to this point has explained initialization.

Because the system 1is initialized wth random
velocities assigned to the atons, it takes time for the

system to reach equilibrium Anal ysis of the output data



shows that values such as total energy fluctuate as a
result of the random velocities before reaching a constant
val ue. During this research, equilibrium occurred
consistently around 1400 tine-steps. This begins the
producti on phase and data produced during this period is

used in the analysis.

After conpletion of the sinmulation, the final data
describing the system of atonms is contained in an output
log file. The data contained in the log file relevant to
this research includes the sinmulation tinme in units of
pi coseconds, the total, potential and kinetic energy in
units of electron-volts, the tenperature in units of
Kelvin, the pressure in units of bar, and the volunme of the
final sanple in cubic angstrons. Addi ti onal output files
include final positions and final velocities that were then

used as inputs for the next |oad or unload peri od.

A nodel of 500 copper atons arranged in a face-
centered cubic array was inplemented to investigate the
behavior of copper under conditions of cyclic |oading.
From the original 500-atom nodel, configurations were
created that contained defects in the form of vacancies or
inmpurities. At least two entire rows of atonms were renoved
to create the configuration containing vacancies. Thi s
assisted in visualization of the novenent of the vacancies
relative to one another. In order to create the
configuration wth inpurities, the vacancies of the
previ ous configuration were replaced with nickel atons and

assi gned correspondi ng potenti al s.

The sinulation was perfornmed on these configurations
of atom nodels to sinulate cyclic |loading by applying a

pressure of 10 bar for a tinme step of 0.005 psec with a
8



duration of 1 psec followed by 0 bar applied for the sane

length of tinme. This gave a |load cycle of 2 psec.

The positions of the defects and the energy data were
tabulated at the end of each period of |oading and
unl oading. The positions of the inmpurities were tracked by
recording the coordinates given in the output position
file. The positions of the vacancies were tracked by using
the average position value of the nearest neighbors in the
z direction and were obtained from the output position
file.

z (1710 nm)

_1 |:| | | | 1 1 1 1 1 ]
g a 4 2 a -2 -4 H -8 -10

y (1510 nm)

Figure 1. Two- di mensi onal view of 3-D copper atons with two
rows of vacanci es.
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I'1'l1. RESULTS AND DI SCUSSI ON

A VACANCI ES

Figure (3) shows the relative distance between defects
vs. the nunmber of cycles. The ones |abeled as | oaded state
represent the positions for each |oad period. I n other
words, it shows the position every 2 psec starting with the

first load. The figures also conpare a parallel load vs. a

normal | oad. A parallel load indicates a |oad applied
along the z-axis of figure (1). It is parallel to the
line connecting the vacant positions. A nornmal | oad

indicates a load applied along the y-axis of figure (1).
The load is normal to the Iline connecting the vacant
posi tions. The figures show a fluctuation of distances
with increasing nunbers of cycles. The general trend is a
separation of the vacancies. The separation of the vacant
positions is larger for the parallel load than for the

normal | oad as the nunber of cycles increases.

11
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Fi gure 3. Pl ot of the normalized di stance between the two
vacanci es vs. the nunber of cyclic |oads at the
unl oaded state

Figure (4) conpares the change in average potential
energy of the two |oading types. There is an increase in
potential energy in both cases as the nunber of cycles
I ncr ease. This indicates that as the atons nove apart the
progressive strength reduces along with increased cycles.
Thus, the potential energy can be an indicator of fatigue
damage accumnul ati on. At the sane tine, there is an
increase in the average kinetic energy wth increasing
cycl es. There is only a mnor difference in the energy
plots for the two l|oading orientations indicating that

whet her parallel or normal is irrelevant.

12



-3.5655

-3.566

-3.5b65

-3.867

-3.56745

-3.568

Fotential Energy per Atom

-3.5655

-3.569
o

— Parallel Load
— - Mormal Load

|
10

14 20 24

Mo. of Load Cycles

Fi gure 4. Pl ot of average potential energy per atomin the
system wi th vacanci es vs.
at the unl oaded state

0.022

0.0215

0.021

0.0205

0.02

tic Energy per Atam

0.0195

Ine

K.

0.o$14

0.0185
1]

t he nunber of cyclic | oads

— Parallel Load
— - Moarmal Load

10

5
Mo. of Load Cycles

1 20 24

Fi gure 5. Pl ot of average kinetic energy per atomin the
system wi th vacanci es vs.
at the unl oaded state

13

t he nunber of cyclic |oads



The nol ecul ar dynami cs nodel can be considered as a
system of masses (atons) and non-linear springs (inter-

atom c forces).

FNNAT

Fi gure 6. One-di nensi onal |inear spring-nmass system subjected
to a force

In order to understand the observations taken fromthe
energy plots, let wus consider a sinple 1-D mass-spring
systemwith a |oad, as shown in figure (6). The systemis
assumed to be linear with the mass=1 and the spring
constant k=p?so that the natural frequency, w, is p for

sinplicity. The nmass is subjected to a force F.

When a cyclic load, shown in figure (2), is applied to
a system the energy in the systemwll vary depending on
the timng of the applied force. For exanple, when the
applied force is in the sanme direction of the notion of the
mass, it wll produce positive work on the system i.e. it
will increase the energy of the system Conversely, if the
applied force is in the opposite direction of notion, it
will reduce the energy of the system The nopst dom nant
energy change is when the frequency of the applied cyclic
load is near or equal to a natural frequency of the system
In this case, there is a significant energy increase in the
system Figures (7) and (8) illustrate this.

14
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Figure 7. Normal i zed di spl acenent plots of a spring-nmass

systemw th cyclic |loads of different frequencies and
t he sanme nmagni tude
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Constant Loading Cyclic Loading Freq. = Matural Freq.
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Fi gure 8. Vel ocity plots of a spring-nmass systemwi th cyclic

| oads of different frequencies and the same magnitude

In the first case, the force is constant, no cyclic

| oadi ng. Then the top left plots in figures (7) and (8)
show the nornalized displacenent and velocity of the mass
along with tine. The displacement was normalized wth
respect to the static displacement of the spring, F/ Kk,

while the velocity was normalized with respect to F*w/k.

16



The other three plots in both figures are for cyclic |oads
as sketched in figure (2). |In each case the cyclic |oading
frequency is different. The top right plots are the case
of resonance. The bottomtwo plots in both figures are for
the cyclic |oadings whose frequencies are near the natura

frequency of the 1-D spring-nass system As shown in the
figures, bot h di spl acenent and vel ocity I ncrease

significantly near the natural frequency.

In representation of the nolecular dynam cs nodel by
masses and springs, there are a l|large nunmber of natural
frequencies in a large range whose nunber is equal to the
nunber of degrees of freedom As a cyclic load is applied
to the system the frequency of the load is very likely
close to one of the natural frequencies. Then, there is a
significant rise of displacenent and velocity, which
contributes to the increase of potential and kinetic energy
of the system respectively as shown in figures (4) and
(5).

B. | MPURI TI ES

The next case studied the inclusion of inpurities.
The positions of vacancies of the previous case were
replaced with nickel atons. Then the sanme cyclic |oading
was appli ed. Figure (9) shows the relative displacenents
between two inpure atons. There is a slow trend with a

| arge fluctuation of the two inpure atons noving away from

each other as the nunber of cycles increase. There is
little difference between the two different | oadi ng
orientations. However, the increase of average potenti al

energy per atom (Figure (10)), and increase of the average
kinetic energy (figure (11)) are very simlar to those with

vacancies (figures (4) and (5), respectively).

17
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| V. CONCLUSI ONS AND RECOMVENDATI ONS

Mol ecul ar dynamics sinmulation was conducted to
understand the fatigue damage process in pure copper. Both
vacancies and inpurities were considered in the nodel wth
two different orientations of cyclic | oads. The results
showed that the relative distance between the vacancies or
the inmpurities, respectively, increased along wth the
i ncreasing nunber of cycles. This indicated overall
separations anong atons as the cyclic load continued. The
statement was also supported when the average potential
energy per atom was plotted against the nunber of cyclic
| oads. There was an increase in the potential energy and

kinetic energy, respectively, with sone fluctuation as the

nunber of |oad cycles increased. This also neant an
increase of the total energy with cyclic | oads. Those
results inplied the weakening of the material, i.e.,

fati gue damage, caused by the cyclic load. The orientation
of loadings with respect to either vacant positions or
impure atonms was insignificant in fatigue danmage. Finally,
and explanation for the increase of energy in a systemwth

a cyclic load was provided using a 1-D spring-mass nodel .
The follow ng are recommended for further study:

1. Conpare the results of this study wth other
metallic materi al s cont ai ni ng simlar def ect

confi gurati ons.

2. Conpare the results of this study with different
cases of applied cyclic loading and determ ne whether a

different trend occurs with different applied | oads.
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3. Increase the |oading cycle to be less than, but
near the fatigue strength of copper and conpare the results
with a | oading cycle exceeding the fatigue strength.

4, Run the simulation with a |larger nunber of cycles
and performa trend analysis to predict fatigue life cycles

of materials.
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